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The spe-9 gene is required for fertility in Caenorhabditis elegans and encodes a sperm transmembrane protein with an extracellular
domain (ECD) that contains 10 epidermal growth factor (EGF) repeats. Deletion analysis reveals that the EGF repeats and the transmembrane
domain are required for fertilization. In contrast, the cytoplasmic region of SPE-9 is not essential for fertilization. Individual point mutations
in all 10 EGF motifs uncover a differential sensitivity of these sequences to alteration. Some EGF repeats cannot tolerate mutation leading to
a complete lack of fertility. Other EGF repeats can be mutated to create animals with temperature-sensitive (ts) fertility phenotypes. All ts
mutations were generated by changing either conserved cysteine or glycine residues in the EGF motifs. For two endogenous ts alleles of
spe-9, loss of function at nonpermissive temperatures is not due to protein mislocalization or degradation. Additionally, the proper
localization of SPE-9 in sperm is not altered in a genetically interacting fertility mutant (spe-13) or a mutant that affects sperm vesicle-plasma
membrane fusion (fer-1). Like the EGF repeats in the Notch/LIN-12/GLP-1 receptors and their ligands, the EGF repeats in SPE-9 may carry
out different functions. Because EGF motifs are found in many proteins in different species, similar experimental strategies could be used
to generate useful temperature-sensitive mutations in other EGF motif-containing molecules.
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Fertilization cannot occur without productive cell–cell
interactions between gametes. The identification and anal-
ysis of molecules that mediate sperm–egg interactions have
been the subject of intense study primarily in marine
invertebrates and mammals (Evans and Florman, 2002;
Primakoff and Myles, 2002; Singson et al., 2001; Talbot
et al., 2003; Vacquier, 1998; Yanagimachi, 1994). The
nematode Caenorhabditis elegans is emerging as a comple-
mentary system for the identification of molecules required
for fertilization (Singson, 2001).0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Madison, WI 53706.Genetic studies have identified several genes that are
required by the amoeboid sperm of C. elegans for successful
fertilization (L’Hernault, 1997; L’Hernault and Singson,
2000; L’Hernault et al., 1988; Singson, 2001). These genes
are designated as spe (spermatogenesis defective) or fer
(fertilization defective). The first of these genes to be
molecularly characterized was spe-9 (Singson et al., 1998).
Mutations in spe-9 lead to the production of morphologi-
cally normal and motile sperm that cannot fertilize oocytes
even after contact. The spe-9 gene encodes a sperm trans-
membrane molecule with an extracellular domain (ECD)
that contains 10 epidermal growth factor (EGF) repeats
(Fig. 1A). The overall structure of SPE-9 is most similar
to ligands of the Notch receptor that help mediate cellular
differentiation in many species (Artavanis-Tsakonas et al.,
1999; Singson et al., 1998).
The EGF module contains six defining cysteine residues
that form specific disulfide bridges responsible for the
secondary structure of the motif (Fig. 1B) (Appella et al.,
1988; Rao et al., 1995). The EGF motif is thought to
Fig. 1. Domain structures of SPE-9 and the molecular nature of mutations. (A) Schematic representation of SPE-9 and associated mutations in the endogenous
gene (Singson et al., 1998). Motifs are indicated in the key. EGF motif numerical designations are indicated. EGF#2 is split by an intervening sequence of 38
amino acids. * indicates an EGF motif containing a consensus O-fucosylation site. The letter ‘‘N’’ in a circle indicates the location of consensus N-linked
glycosylation sites. (B) Schematic representation of the secondary structure of a generic EGF motif with 47 amino acids. Only highly conserved residues
important for the structure of the motif are identified. Cysteine numerical designations are indicated. Solid lines connecting cysteine residues represent disulfide
bridges. Amino acid changes of individual spe-9 mutations are indicated with the mutation name and the EGF motif in which they occur. Shaded residues are
mutated in loss of function alleles of other EGF motif-containing molecules (Haines and Irvine, 2003; Kelley et al., 1987; Kodoyianni et al., 1992; Lieber et al.,
1992; Martinez-Arias, 2002; Sidow et al., 1997; Tax et al., 1994; Wen and Greenwald, 1999).
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tural element to cell surface or extracellular proteins (Balzar
et al., 2001; Campbell and Bork, 1993). It is therefore not
surprising that many EGF motif-containing proteins are
known to mediate adhesive or ligand–receptor interactions.
A simple model is that SPE-9 is required for either gamete
recognition, signaling, or adhesion.
An important step to further our understanding of
SPE-9 is to define domains that are critical for itsfunction. The original mutations that defined the spe-9
gene were quite informative (Fig. 1, Table 1) (Singson et
al., 1998). Two nonsense mutations (spe-9(eb19) and spe-
9(eb23)) caused sterility and were predicted to produce
truncated proteins. The spe-9(eb19) allele is null for
function, as it causes complete sterility and truncates
the protein after only 1.5 EGF motifs. Two missense
mutations (spe-9(hc52) and spe-9(hc88)) cause tempera-
ture-sensitive (ts) sterility. Both mutations change key
Table 1
Transgenic rescue of fertility comparisons for spe-9a
Strain/construct Average brood
16jC (SE)b
Average brood
20jC (SE)
Average brood
25jC (SE)
wild-type N2 282 F 17 216 F 33 122 F 28
spe-9(hc52)c 330 F 74 235 F 5 2 F 1
spe-9(hc88)c 380 F 43 267 F 8 0
spe-9(eb23)c 5 F 2 5 F 1 0
spe-9(eb19)c 0 0 0
spe-9(hc52)/Ex-pAS9
wild-type genomic
clone rescue
NDd ND 136 F 18
spe-9(eb19)/Ex-pAS9
wild-type genomic
clone rescue
204 F 53 271 F 37 85 F 22
spe-9(hc52)/spe-9
cDNA only
ND ND <1
spe-9(eb19)/spe-9
cDNA only
0 <1 0
spe-9(hc52)/spe-9
cDNA heat shock
promoter-no
heat shock
ND ND 3 F 2
spe-9(eb19)/spe-9
cDNA heat shock
promoter-no heat
shock
3 F 6 9 F 15 0
spe-9(eb19)/spe-9
cDNA heat shock
promoter-with 1hr
heat shock
37jC-L4 larva
ND 28 F 13 ND
spe-9(hc52)/Ex-hc52
genomic clone of
spe-9 with the
hc52 mutation
ND ND <1
spe-9(eb19)/Ex-hc52
genomic clone of
spe-9 with the
hc52 mutation
96 F 28 22 F 14 0
a All broods n z 8.
b SE, standard error of the mean.
c Data from L’Hernault et al. (1988) or Singson et al. (1998).
d ND, not determined.
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These mutants suggest that the EGF repeats are the
‘‘business end’’ of SPE-9.
In this study, we took a systematic approach to further
define the regions of SPE-9 that are critical for its function.
Mutated versions of spe-9 were assayed for function in
transgenic worms. Our analysis reveals that the EGF repeats
and their presentation are critical for sperm function. Fur-
thermore, we find that we get differential effects on fertility
depending on the EGF repeat that is mutated. This suggests
that different EGF motifs mediate different functions in
SPE-9. Multifunctionality of repeating units is a common
theme with many proteins (Martinez-Arias, 2002; Nykjaer
and Willnow, 2002) and gives us new insights as to how
SPE-9 may function and interact with other molecules
during fertilization.Materials and methods
Worm strains and phenotypic analysis of fertility
Standard techniques were used for the manipulation and
care of C. elegans (Brenner, 1974). The following mutant
strains were used in this study: spe-9(hc52), spe-9(hc88),
spe-9(eb23), spe-9(eb19), spe-13(hc137), fer-1(hc13ts), and
him-5(e1490). Detailed descriptions of each mutation can be
found in L’Hernault et al. (1988), Singson et al. (1998), and
Hodgkin (1997). Animals were raised at 16jC, 20jC, and
25jC. For experiments requiring many males, the him-5
mutation was used. This mutation causes the production of
males at high frequency with no adverse effects on sperm
(L’Hernault and Roberts, 1995; Nelson and Ward, 1980).
Fertility was determined by placing worms on separate
culture plates and counting progeny and oocytes. Heat
shock treatments were conducted by moving L4 larvae that
were raised at 20jC to 37jC for 1 h. Heat-shocked worms
were then moved back to 20jC for brood size analysis.
Temperature shift experiments were conducted by shifting
young adult worms from 25jC (nonpermissive) to 20jC
(permissive) after the first few eggs or oocytes were laid
(after spermatogenesis) or before the L4 larval stage (before
spermatogenesis). The number of progeny produced by
adult worms in 24 h was then counted.
Constructs for transformation
Strains carrying transgenic arrays were constructed uti-
lizing standard methods (Mello and Fire, 1995). The fol-
lowing transformation markers were used: rol-6(su1006),
sur-5DGFP, ttx-3DGFP, and myo-3DGFP (pPD118.20,
Fire Lab Vector Kit) (Hobert et al., 1997; Mello and Fire,
1995; Suzuki et al., 1999). All transformation markers used
had no detectable effects on hermaphrodite fertility (our
unpublished observations). For most constructs, at least
three independently derived transgenic lines were obtained
by injecting directly into spe-9(hc52) mutant worms raised
at 20jC. The exception was the cDNA only construct
where two lines were obtained. At least two lines of every
construct were then crossed into a spe-9(eb19) mutant
background. All lines were checked for fertility and a
single efficiently transmitting line for each construct was
quantified.
All constructs were generated using standard molecular
biology techniques (Sambrook et al., 1989). Because it is
easier to create mutations in the context of a cDNA clone,
we investigated whether fertility could be rescued with a
spe-9 cDNA. A promoterless spe-9 cDNA was used as a
control and failed to rescue fertility (Table 1). Because no
labs have yet been able to define required sperm gene
promoter elements or construct any other useful sperm gene
expression fusions (A. Singson and S. W. L’Hernault,
unpublished), we tried placing the spe-9 cDNA under a
heat shock promoter. Although this promoter is reported to
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1992), we found that we could induce low but significant
levels of fertility that increased with heat shock treatment.
This demonstrates that the C. elegans 16-2 heat shock
promoter is weakly active in the germline and can be
induced to higher levels of expression. Because we could
not obtain high levels of fertility with these cDNA trans-
genes, we constructed all of our mutations in the context of
genomic clones.
The Ex-Y47H9 strain and the C17D12 cosmid that carries
a truncated version of spe-9 are reported in Singson et al.
(1998). The C17D12 clone is a Sau3AI genomic fragment
ligated into the cloning vector pJB8. This clone contains all
spe-9 coding sequence up to isoleucine 639. Five random
amino acids on the SPE-9 C-terminus and a stop codon
(RNSHV*) are encoded by multiple cloning site sequence
from the pJB8 vector (Fig. 3) (Coulson et al., 1986). A full-
length cDNA clone of spe-9 (see above) was PCR amplified
from a library derived from male-enriched populations
(Achanzar and Ward, 1997) and subcloned into pBluscript
II (Stratagene). This same cDNAwas also placed in the heat
shock vector pPD49.78 (Fire Lab Vector Kit). Mutant
versions of spe-9 were generated on a SacI–SalI genomic
fragment in pBluescript (pAS-9, Table 1) that rescues
fertility to levels comparable to Ex-Y47H9 (Singson et al.,
1998). The DEGF 2–6 clone (pAS-14) deletes EGF motifs
2–6 by removing a BamHI–XhoI fragment. The DEGF 6–
10 clone (pAS-15) deletes EGF motifs 6–10 by removing
an XhoI–NcoI fragment. The DEGF 2–10 clone (pAS-17)
deletes EGF motifs 2–10 by removing a BamHI–NcoI
fragment. The EGF 1.5 construct was created by cutting
pAS-9 with BamHI and inserting two tandem BglII linkers.
The addition of the linker sequence induced a frame shift
mutation such that a novel 35 amino acid sequence and a
stop codon were introduced after asparagine 180 of SPE-9
(Fig. 3). Extracellular domain (ECD) was constructed by
PCR amplification of pAS-9 with the following primers:
SAL53 (5V-CTCACCACGACGCTATCGATCCG-3V).
NOTM (5V-AAAAAAAAATGTCTTTATGGCAAC-
GAAAATTCATAGTTCTTCTG-3V).
The NOTM primer included the natural spe-9 polyade-
nylation signal and all 13 base pairs of the 3V untranslated
region. These 13 base pairs included an unusual run of
nine Ts before the poly A tract. All point mutations in spe-
9 were obtained with a PCR mutagenesis strategy with
pAS-9 as the starting template. Primer sequences are
available upon request. The spe-9(hc52) mutation was
made in pAS-9 by converting the codon for glycine 550
(GGG) to a glutamic acid (GAG). For constructs EGF
X1–EGF X10, the codon for the corresponding cysteine
number 5 (C#5) (Fig. 1B) was converted to a tyrosine
(TGC to TAC). This cysteine residue was chosen because
it is one of the most invariant residues in the EGF motif
and should block the same disulfide bridge as the spe-9(hc88) mutation. Furthermore, a similar codon change
occurred in the spe-9(hc88) mutation that caused C#6 in
EGF 4 to be converted to a tyrosine.
Mutant protein localization
The detailed localization of wild-type SPE-9 in sperm
and its dynamics during late spermatogenesis have been
described previously (Zannoni et al., 2003). Sperm activa-
tion was carried out as described in L’Hernault and
Roberts (1995) and Shakes and Ward (1989). Immunoflu-
orescence and DAPI staining of sperm were done essen-
tially as described in Arduengo et al. (1998), Machaca and
L’Hernault (1997), and Varkey et al. (1993). A rabbit
polyclonal antibody obtained through Zymed Laboratories
(South San Francisco, CA) custom peptide/antibody ser-
vice was directed against the 22 amino acid cytoplasmic
tail of SPE-9 (C antibody) (C)SRRRQGRVEEAKKT-
SEVKTENP (Singson et al., 1998). The noncoded N-
terminal cysteine residue was included for single-point
site-directed conjugation. All antibodies were diluted to
appropriate concentrations in PBS (150 mM NaCl, 16 mM
Na2HPO4, 4 mM NaH2PO4). Anti-SPE-9 sera was used at
either 1:100 or 1:1000 and detected with a rhodamine
(TRITC)-conjugated affinity purify goat anti-rabbit IgG
secondary antibody (1:1000 in PBS) (Jackson ImmunoR-
esearch Laboratories, Inc. West Grove, PA). 1CB4 anti-
body stains membranous organelles (MOs) located in the
cytoplasm of spermatids and the cell body in mature sperm
(Arduengo et al., 1998; Okamoto and Thomson, 1985).
This antibody was used for immunofluorescence at 1:20
dilution and visualized by using fluorescein (FITC)-conju-
gated affinity purified goat anti-mouse IgG secondary
antibody (1:500 in PBS) (Jackson ImmunoResearch Lab-
oratories, Inc.). Males homozygous for spe-9(hc52) or spe-
9(hc88) were raised at 25jC and sperm were dissected
from these animals for immunofluorescence. Males carry-
ing the Ex-Y47H9 transgene in a spe-9(eb19) mutant
background were identified by the presence of the rol-
6(su1006) mutant phenotype. These animals were raised
and dissected for sperm immunofluorescence at 20jC.Results
spe-9 transgenes and rescue of fertility
Because spe-9 is a germline gene with a function in
sperm (Singson et al., 1998), it presented some specific
challenges for transgenic expression and structure–func-
tion studies. Transgenic arrays are specifically silenced in
the C. elegans germline (Kelly and Fire, 1998; Kelly et al.,
1997; Pirrotta, 2002; Seydoux and Schedl, 2001). While
strategies have been developed to overcome this problem
for expression in oocytes, it has not been solved for sperm
(see Discussion). Although we could rescue spe-9 mutant
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of the spe-9 gene (Singson et al., 1998), we did not know
if this produced wild-type levels of SPE-9 protein in
sperm. Furthermore, we had examined rescue in the
context of a temperature-sensitive allele of spe-9 that only
allowed for rescue assays at 25jC (Singson et al., 1998)
(Table 1). We found that a transgenic array with a
complete genomic copy of spe-9 could rescue fertility in
a spe-9(eb19) null mutant background (Table 1). However,
this rescue was not as robust as in the spe-9(hc52)
background (broods of 136 F 18 for hc52 versus 85 F
22 for eb19 at 25jC). Most constructs displayed less
fertility in spe-9(eb19) mutant worms than in spe-9(hc52)
mutant worms. This indicated that there must be some low
level of functional protein from the spe-9(hc52) locus at
25jC. No transgenes (typically three independent lines for
all constructs, see Materials and methods) displayed any
dominant effects on fertility.
The spe-9(hc52) mutation in the context of a transgenic
array
For an accurate interpretation of our transgenic array
data, we conducted experiments to compare the activity of a
mutant allele of spe-9 in the context of an extrachromo-
somal array versus the same mutation in its normal genomic
context. The spe-9(hc52) mutation is temperature-sensitive
for fertility and provided the initial background to test
transgenic rescue (Table 1) (L’Hernault et al., 1988; Singson
et al., 1998). As noted above, this mutation alters a
conserved glycine residue in EGF 9 (Fig. 1) and has
wild-type levels of fertility at 16jC and 20jC. We tested
a clone with the exact same base pair change in transgenic
arrays for activity (Ex-hc52, Table 1). The construct still
behaves as a temperature-sensitive fertility mutant. Howev-
er, overall fertility levels drop. At 25jC, all worms relying
on the activity of Ex-hc52 or the spe-9(hc52) allele are
sterile. At 20jC, Ex-hc52 has broods of 22 F 14 versus
endogenous spe-9(hc52) that has broods of 235 F 5. At
16jC, Ex-hc52 has broods of 96 F 28 versus endogenous
spe-9(hc52) that has broods of 330 F 74. Based on these
results, we would predict that any engineered mutation that
could provide comparable or higher levels of fertility in a
transgenic array to that of Ex-hc52 would display wild-type
levels of fertility if we could place it in its normal context in
the genome.
Localization of mutant SPE-9 protein
To determine if mutant versions of SPE-9 lack activity
due to aberrant protein localization or degradation, we
conducted immunofluorescence experiments. We examined
the distribution of SPE-9 protein produced by the hc52 and
hc88 alleles when worms were raised at nonpermissive
temperatures. Mutant SPE-9 localization was indistinguish-
able from wild-type (Fig. 2). The results were identical forhc52 and hc88. In spermatids, SPE-9 is located at or near
the cell surface and has some incidental overlap with 1CB4
staining that marks sperm membranous organelles (MOs) in
the cytoplasm (Figs. 2A, B, E, and F). After sperm activa-
tion (spermiogenesis), SPE-9 appears concentrated on the
pseudopod (Figs. 2C, D, G, and H) while 1CB4 staining
remains restricted to the cell body.
SPE-9 localization in spe-13 and fer-1 mutant backgrounds
Mutations in the spe-13 gene lead to a sterility pheno-
type that is indistinguishable from spe-9 mutants (Singson,
2001; Singson et al., 1999). Additionally, the spe-13 gene
has been found to genetically interact with spe-9 (A.
Singson and S. L’Hernault, unpublished). This genetic
interaction is an indication that spe-9 and spe-13 might
function in the same molecular pathway. Therefore, we
wanted to determine if SPE-9 localization is altered in
spe-13 mutant sperm. We find that SPE-9 is properly
localized to the pseudopod of spe-13 mutant sperm (Figs.
2I and J). At least for localization, spe-13 is not epistatic to
spe-9.
Mutations in the fer-1 gene lead to the production of
sperm where membranous organelles (MO) cannot fuse with
the plasma membrane (Achanzar and Ward, 1997). MO
fusion is required for normal pseudopod morphology and
fertility. Because SPE-9 is normally localized to the pseu-
dopod in mature sperm, we tested if these membrane fusion
events were required for proper SPE-9 localization. We
found that although fer-1 mutant sperm had small pseudo-
pods, SPE-9 localization is not altered (Figs. 2K and L).
spe-9 transgenes are subject to germline silencing
We also attempted to confirm the localization of SPE-9
produced by transgenic arrays. We stained a line of worms
that had wild-type levels of fertility in a spe-9(hc52) mutant
background and very good fertility in a spe-9(eb19) mutant
background. Worms carrying the Ex-Y47H9 transgene
(Singson et al., 1998) had wild-type level broods (109 F
9 at 25jC) in a spe-9(eb19) mutant background displayed
no SPE-9 staining (Figs. 2M and N). This result has some
important implications for our interpretation of SPE-9
rescue experiments. First, the spe-9 transgenes must be
subject to significant levels of germline silencing. Second,
small amounts of SPE-9 protein can rescue significant levels
of fertility. This same situation is likely to hold true for
transgenic rescue experiments of most other spe and fer
genes (see Discussion). Third, we cannot verify that mutant
SPE-9 localization is normal in animals carrying transgenic
arrays that show no fertility. However, because protein
produced by spe-9(hc52) and spe-9(hc88) mutant worms
is not degraded and is localized normally, a reasonable
model for lack of fertility is that inactivation of SPE-9 is
directly caused by the mutations or lack of some threshold
activity requirement.
Fig. 2. Localization of mutant SPE-9 in sperm is identical to wild-type SPE-9 localization. Nomarski DIC images of spermatids (A, E, and M) or mature sperm
(C, G, I, and K). B, D, F, H, J, and L are merged images of staining for SPE-9 in red, 1CB4 antibody staining in green to visualize membranous organelles, and
DAPI in blue to show the location of the nucleus. In N, 1CB4 staining has been omitted so as not to obscure any SPE-9 immunoreactivity. (A and B) Wild-type
SPE-9 in spermatids. (C and D) Wild-type SPE-9 in mature sperm. (E and F) SPE-9 produced by spe-9(hc52) mutants have the same staining pattern as seen in
wild-type spermatids. (G and H) SPE-9 produced by spe-9(hc88) mutants have the same staining pattern as seen in wild-type mature sperm. SPE-9 localization
is not altered in spe-13 (I and J) or fer-1 (K and L) mutant sperm. (M and N) No SPE-9 staining is seen in spe-9(eb19) mutant spermatids where fertility is
rescued by the transgenic array Ex-Y47H9. The scale bar in M corresponds to 5 Am and applies to all panels.
Table 2
Deletion analysis of spe-9a
Strain/construct Average brood
16jC (SE)b
Average brood
20jC (SE)
Average brood
25jC (SE)
spe-9(eb19)/DEGF 2–6 0 0 0
spe-9(eb19)/DEGF 6–10 0 0 0
spe-9(eb19)/DEGF 2–10 0 0 0
spe-9(hc52)/EGF 1.5 NDc ND 0
spe-9(eb19)/ECD 3 F 3 2 F 1 0
spe-9(eb19)/C17D12
truncation
136 F 50 136 F 55 24 F 11
a All broods n z 8.
b SE, standard error of the mean.
c ND, not determined.
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The major features of SPE-9 are a large extracellular
domain with 10 EGF repeats, a transmembrane domain, and
a short 21 amino acid cytoplasmic tail (Fig. 1). To examine
the importance of each of these regions, we constructed a
series of deletion constructs. The activity of these constructs
is in Table 2 and summarized in Fig. 3. Deletion of EGF
repeats 2–6, 6–10, or 2–10 completely inactivates the
protein. These results suggest that these repeats play a
critical role in the function of SPE-9 during fertilization.
Constructs that delete the transmembrane domain would be
predicted to lead to the secretion of the extracellular domain.
A construct (EGF 1.5) that leaves about as much protein as
the spe-9(eb19) mutation had no activity. A construct (ECD)
that produces only the extracellular domain is essentially
nonfunctional. Interestingly, we do note a tiny amount of
fertility at 16jC and 20jC from this construct. This could
indicate that a certain amount of protein from this constructcould somehow associate with the sperm surface at low
culture temperatures. Finally, a clone that removes the entire
cytoplasmic tail of SPE-9 has very good broods at 16jC and
20jC. There does seem to be a certain amount of temper-
Fig. 3. Summary of deletion analysis of SPE-9. Construct names are
indicated in the left column. Schematics of the protein products produced
are in the center column. Motifs are indicated in the key. FS = 35 amino
acids sequence unrelated to wild-type SPE-9 added to the truncated protein
by a frame shift in the construct EGF 1.5 secreted. The RNSHV* sequence
are amino acids added after the transmembrane domain of the SPE-9
C17D12 truncation construct. This sequence is also unrelated to the
corresponding amino acids in wild-type SPE-9. Fertility is indicated in the
right column.
Table 3
Point mutations in SPE-9 EGF motifsa
Strain/construct Average brood
16jC (SE)b
Average brood
20jC (SE)
Average brood
25jC (SE)
spe-9(eb19)/EGF X1 0 0 0
spe-9(hc52)/EGF X1 NDc ND 0
spe-9(eb19)/EGF X2 1 F 2 0 0
spe-9(hc52)/EGF X2 ND ND 0
spe-9(eb19)/EGF X3 105 F 30 73 F 19 0
spe-9(hc52)/EGF X3 ND ND 0
spe-9(eb19)/EGF X4 153 F 15 11 F 8 0
spe-9(hc52)/EGF X4 ND ND 0
spe-9(eb19)/EGF X5 104 F 26 38 F 19 0
spe-9(hc52)/EGF X5 ND ND <1
spe-9(eb19)/EGF X6 0 0 0
spe-9(hc52)/EGF X6 ND ND <1
spe-9(eb19)/EGF X7 76 F 26 62 F 19 0
spe-9(hc52)/EGF X7 ND ND 3 F 2
spe-9(eb19)/EGF X8 <1 0 0
spe-9(hc52)/EGF X8 ND ND 0
spe-9(eb19)/EGF X9 0 0 0
spe-9(hc52)/EGF X9 ND ND 0
spe-9(eb19)/EGF X10 0 0 0
spe-9(hc52)/EGF X10 ND ND <1
a All broods n z 8.
b SE, standard error of the mean.
c ND, not determined.
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Rescue is 24 F 11 progeny at 25jC. However, based on
comparisons to other deletion constructs, we conclude that
the cytoplasmic domain of SPE-9 is relatively dispensable
for function.
Point mutations in SPE-9 EGF repeats
The deletion analysis above, existing point mutations,
and comparisons to related molecules all help demonstrate
the importance of the EGF repeats to SPE-9 function
(Singson et al., 1998). We sought to better define the
requirement of individual EGF repeats through point muta-
tion analysis. The results of these experiments are reported
in Table 3 and summarized in Fig. 4. Each EGF repeat was
modified by changing a central cysteine residue (#5) to a
tyrosine residue (Fig. 1). Similar cysteine to tyrosine
changes defined the spe-9(hc88) mutation and loss of
function alleles of components of the Notch/GLP-1/LIN-
12 pathway (e.g., glp-1(oz25) (Kelley et al., 1987;
Kodoyianni et al., 1992), DlCE9, NAxM1,NMcd (Brennan
et al., 1997; Parks et al., 2000; Ramain et al., 2001)).
Changing cysteine #5 should disrupt the higher-order struc-ture of the corresponding EGF repeats because they should
not be able to form specific disulfide bridges (Frand et al.,
2000; Rao et al., 1995). This cysteine #5 to tyrosine
mutation caused a complete loss of function for SPE-9
when placed in EGF repeats number 1, 2, 6, and 8–10.
However, this same mutation in EGF repeats 3–5 and 7
leads to a temperature-sensitive sterile phenotype. The
broods obtained from these lines at 16jC and 20jC are
comparable to those seen for the Ex-hc52 mutation in a
transgenic array. This suggests that these mutations would
fully rescue fertility at 16jC and 20jC if in the normal
genomic context. There is clearly a differential sensitivity of
SPE-9 EGF repeats to the same mutation. We also note that
EGF repeats that show no temperature-sensitive effects are
essentially either at the N-terminus of the protein or close to
the membrane.
Temperature shift experiments
Because numerous mutant constructs of SPE-9 dis-
played temperature sensitivity, we wanted to further in-
vestigate the nature of this effect. Temperature shift
experiments with spe-9(hc88) demonstrated that the tem-
perature-sensitive period was from 30 to 40 h after
hatching (L’Hernault et al., 1988). This temperature-sen-
sitive period corresponds to the L4 larval stage when
spermatogenesis is occurring. SPE-9 is synthesized during
spermatogenesis but functions later during fertilization in
mature sperm (L’Hernault et al., 1988; Singson, 2001;
Singson et al., 1998). Shifting to permissive temperature
Fig. 4. Summary of EGF motif point mutation analysis of SPE-9. Construct
names are in the left column. Schematics of the protein products produced
are in the center column. Motifs are indicated in the boxed key. Fertility is
shown in the right column. * EGF X9 C#5 to Y mutants are sterile at all
temperatures but the G to E change in spe-9(hc52) mutants yields
temperature sensitivity. Table 4
Temperature-sensitive alleles of spe-9 do not recover fertility after
spermatogenesisa
Strain/construct Average brood/dayb
(SE)c shifted after
spermatogenesis
Average brood/dayd
(SE) shifted before
spermatogenesis
spe-9(hc52) 0 30 F 7
spe-9(hc88) 0 29 F 6
spe-9(eb19)/EGF X3 0 9 F 4
spe-9(eb19)/EGF X4 0 12 F 6
spe-9(eb19)/EGF X5 0 7 F 2
spe-9(eb19)/EGF X7 <1 6 F 5
a All broods n z 10. Broods were scored for only 1 day.
b Larval worms were grown at 25jC and shifted to 20jC when first oocytes
were laid.
c SE, standard error of the mean.
d Controls were grown at 25jC and shifted to 20jC at the L3 larval stage.
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ity. This result suggests that the protein from spe-9(hc88)
mutants can only be produced correctly at permissive
temperatures. Once completed, mutant protein can no
longer recover function for fertilization if moved to
permissive temperatures. We conducted temperature shift
experiments for our synthetic temperature-sensitive EGF
point mutants (Table 4). Animals were shifted either
before or after spermatogenesis. spe-9(hc88) and spe-
9(hc52) strains were examined as controls. The results
were the same for all mutants. They must go through
spermatogenesis at permissive temperatures for fertility
(Table 4).Discussion
Transgenic expression of spe-9 and fertility
SPE-9 is an important molecule required for fertility in C.
elegans. In this study, we conduct the first comprehensive
structure–function analysis of SPE-9. To assay functional
domains and uncover sequences required for SPE-9 activity
in vivo, we introduced specific versions of the spe-9 gene
into transgenic worms. The fact that spe-9 is a germline
gene with a function in sperm poses some important
challenges for transgenic expression. Injection of target
DNA into the worm gonad leads to transformants carrying
large extrachromosomal arrays (Mello and Fire, 1995). The
repetitive nature of these elements can trigger gene-silencing
that is particularly potent in the germline (Kelly and Fire,
1998; Kelly et al., 1997; Pirrotta, 2002; Seydoux and
Schedl, 2001). Several strategies have been developed to
mitigate this problem. These strategies include the increas-
ing of array complexity (Kelly et al., 1997), the inhibition of
silencing in certain mut (mutator) or mes (maternal effect
sterile) mutant backgrounds (Dernburg et al., 2000; Kelly
and Fire, 1998; Korf et al., 1998), and the production of low
copy number integrated lines (Praitis et al., 2001). Unfortu-
nately, none of these strategies has proven successful for
increasing spe-9 or other sperm gene expression (our un-
published observations, D. Greenstein and S. L’Hernault
personal communications). Because we were able to rescue
the infertility of spe-9 mutants with simple transgenic arrays
(Singson et al., 1998), we investigated the nature of this
rescue to better interpret our structure–function experiments.
Fertility is rescued to different levels depending on the
spe-9 mutant background. The spe-9(hc52) mutant back-
ground has essentially no fertility on its own at 25jC (brood
of 2 F 1). However, in our transgenic rescue experiments,
the spe-9(hc52) mutant background allows a larger brood
than the spe-9(eb19) mutant background (Table 1, broods of
136 F 18 versus 85 F 22). This difference suggests that the
hc52 mutation is a hypomorph at 25jC, and there is some
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egg interactions. The number of sperm above this threshold
dictates brood size. Although rescue broods can be compa-
rable to wild-type, the decreased broods in a spe-9(eb19)
mutant background suggest that transgene expression is
inefficient. The simple interpretation is that our rescuing
arrays do not escape germline silencing. This is confirmed
by the fact that we cannot detect any SPE-9 protein even in
transgenic lines that display significant levels of fertility.
Similar results have been seen with other spe genes (Brown-
ing and Strome, 1996) (our unpublished observations).
These results also suggest that very little SPE-9 is required
for productive sperm–oocyte interactions. Because cells are
very large compared to individual molecules, adhesion
molecules may be required in large quantities to form
significant connections between cells. Because very little
SPE-9 is required for fully functional sperm, it seems more
likely to have a signaling role between gametes.
Fertility is an extremely sensitive indicator of SPE-9
activity. Transgenic constructs that display poor rescue of
fertility could possibly be due to protein degradation, mis-
localization, or lack of activity. As noted above, SPE-9
expressed from our transgenic arrays is below detectable
levels by immunofluorescence even when we see full
phenotypic rescue. Although recombinant SPE-9 produced
in E. coli or P. pastoris can be detected by Western blot (G.
Lin Cereghino, unpublished), we have not been able to
detect endogenous SPE-9 with this approach. To address
this issue, we examined SPE-9 produced from the spe-
9(hc52) and spe-9(hc88) chromosomal mutations. We can
detect normally localized SPE-9 from both spe-9(hc52) and
spe-9(hc88) mutants not carrying arrays and raised at
nonpermissive temperatures. Although we cannot directly
rule out protein degradation or mislocalization in transgene
mutants, these results suggest the most likely model is that
the mutant proteins lack activity.
SPE-9 localization is not altered in spe-13 mutant sperm
and does not require fusion of MOs with the plasma
membrane
We used our anti-SPE-9 sera to examine protein locali-
zation in other important mutant backgrounds where fertility
is compromised. Mutations in the spe-13 gene lead to a
sterile phenotype that is indistinguishable from that of spe-9
mutants. A temperature-sensitive mutation in spe-9 com-
bined with a temperature-sensitive mutation in spe-13 leads
to worms that are sterile regardless of culture conditions (A.
Singson and S L’Hernault, unpublished). Because this result
suggested that SPE-9 and SPE-13 could be functioning in
the same molecular pathway, we felt it could be informative
to examine SPE-9 localization in a spe-13 mutant back-
ground. Because SPE-9 is not mislocalized in a spe-13
mutant background, SPE-13 is not required for SPE-9
localization. It is possible that the SPE-13 protein could
function in a distinct molecular pathway in parallel ordownstream of SPE-9 to help mediate fertilization. Alter-
nately, SPE-13 could function upstream of SPE-9 by regu-
lating its activity and not its localization. The FER-1 protein
is required for fusion of MOs with the sperm plasma
membrane during spermiogenesis (Achanzar and Ward,
1997). The precise function of the MO is unknown. How-
ever, MO vesicle fusion is essential for fertility. When MOs
fuse with the plasma membrane, they form a permanent
fusion pore and release fibrous material to the surface of the
cell body (Ward et al., 1981). The MO contents were
determined to be mostly glycoproteins based on protease
sensitivity and lectin staining of the fibrous material. Sperm
produced by fer-1 mutants develop only a short pseudopod
and are unable to crawl. We found that despite pseudopod
defects and lack of MO vesicle fusion, SPE-9 was still
localized to the pseudopod in mature fer-1 mutant sperm.
This indicates that MO fusion with the plasma membrane
and release of their contents are not required for proper SPE-
9 localization.
Functional domains of SPE-9
Deletion analysis of SPE-9 revealed several important
results about functional domains. First, removing EGF
motifs completely abolished SPE-9 activity. Deletion of
EGF motifs in similar molecules does not always block
function. For instance, the EGF repeats in LAG-2 are
dispensable for function (Henderson et al., 1997), and
removal of up to 34 of 36 EGF repeats in the Notch receptor
still allows interactions with ligand (Lawrence et al., 2000;
Rebay et al., 1991). Second, constructs expressing just the
SPE-9 extracellular domain are essentially nonfunctional.
This suggests that the extracellular domain of SPE-9 must
be tethered to the sperm surface. The transmembrane
domains of Delta, Serrate, and LAG-2 are critical for the
function of these molecules (Henderson et al., 1997; Sun
and Artavanis-Tsakonas, 1997). The transmembrane domain
may be primarily for the tethering and presentation of the
extracellular domain/EGF repeats because different trans-
membrane domains can substitute for this function in
chimeric constructs of LAG-2 and APX-1 (Fitzgerald and
Greenwald, 1995; Gao and Kimble, 1995). SPE-9 is unlike-
ly to function as a secreted signal because spe-9 mutant
sperm never fertilize an egg even if mixed with wild-type
sperm at the site of fertilization (spermatheca) (Singson et
al., 1999). If this were not the case, the wild-type sperm
could provide this signal for all sperm in the spermatheca.
Finally, the cytoplasmic tail of SPE-9 is largely dispensable
for function. In addition to the C17D12 construct reported
here, we also disrupted the cytoplasmic tail of SPE-9 with
an in frame insertion of the green fluorescent protein coding
sequence. This construct can also rescue fertility to wild-
type levels, but no GFP fluorescence can be detected (our
unpublished observations, D. Greenstein personal commu-
nication). The dispensability of the SPE-9 cytoplasmic
region is in contrast to Delta, Serrate, and LAG-2. For these
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regulation of function as determined by deleting these
regions (Henderson et al., 1997; Sun and Artavanis-Tsako-
nas, 1996). This result could reflect a differential require-
ment for cytoplasmic tethering or molecular interactions.
The varying importance of different domains in these
similar proteins (SPE-9 and Notch ligands) could come
down to the differences between ‘‘fine-tuned’’ signaling that
influences developmental decisions and the ‘‘all or nothing’’
nature of achieving successful fertilization.
Differential effects of mutation on SPE-9 EGF repeats
We see two effects from specific amino acid changes in
individual SPE-9 EGF repeats. We find that the mutations
lead to transgenic worms with either no fertility or temper-
ature-sensitive fertility. This is not only evidence for dif-
ferential functions of these EGF repeats but could also
indicate positional constraints for specific molecular inter-
actions (see below). Multifunctionality is a well-accepted
theme for other important EGF repeat-containing molecules
such as the Notch/LIN-12/GLP-1 receptors or the LDL
receptor family (Martinez-Arias, 2002; Nykjaer and Will-
now, 2002).
The temperature-sensitive mutants in spe-9 can be gen-
erated by changing sequences for conserved cysteine or
glycine residues (Fig. 1B). This was quite surprising be-
cause cysteine residues are needed for specific disulfide
bridges that are important for the proper conformation of the
motif (Frand et al., 2000; Rao et al., 1995). The spe-9(hc52)
and Ex-hc52 mutations have a glycine to glutamic acid
substitution in EGF #9 (Fig. 1B). A similar glycine to
aspartic acid substitution in EGF repeat #32 of the Notch
receptor also leads to temperature-sensitive loss of function
(Xu et al., 1992). Because glycine residues have a very
small side chain, they are thought to allow tight folding of
the EGF motif (Rao et al., 1995). The bulkier acidic side
chains of aspartic acid and glutamic acid may disrupt the
proper EGF conformation at high temperatures. Although
defective gene products can be removed from the biosyn-
thetic pathway (Wen and Greenwald, 1999), loss of function
for all of the temperature-sensitive spe-9 mutations is
unlikely to be due to protein degradation or mislocalization.
Because all temperature-sensitive spe-9 mutants behave the
same in temperature shift experiments, the mechanism of
loss of function is likely due to misfolding at protein
synthesis. The nonfunctional protein for hc52 and hc88
mutations is not degraded and is localized normally.
EGF motifs often have variations that could be important
for their function (Appella et al., 1988; Haines and Irvine,
2003; Handford et al., 1991; Harris and Spellman, 1993).
These variations include differential glycosylation, the abil-
ity to bind calcium, and unusually sized loop domains
between key cysteine residues (e.g., SPE-9 EGF repeat #2,
Fig. 1A). There appears to be no correlation between any
known EGF variations and the temperature-sensitive phe-notype. SPE-9 contains eight consensus N-linked glycosyl-
ation sites with a distribution that is independent from the
distribution of temperature-sensitive EGF repeats. O-linked
glycosylation sites can be found in only two EGF repeats,
and they are not associated with temperature sensitivity
(Fig. 1A). Furthermore, SPE-9 contains no calcium-binding
type EGF repeats and no relationship between EGF repeat
loop sizes and temperature sensitivity.
The differential sensitivity of EGF repeats to our
engineered mutations does not appear to be randomly
distributed in the extracellular domain of SPE-9. Generally,
only point mutations of EGF repeats in the middle of the
extracellular domain can yield temperature sensitivity
(Fig. 4). These data suggest a model where some EGF
motifs in SPE-9 mediate specific molecular interactions
with other molecules such as unidentified egg surface
receptors. These EGF motifs are not able to tolerate any
mutation that would disrupt their conformation. Other EGF
motifs are more likely to play a role as molecular linkers
or spacers required to get key domains in the proper
register. These spacer EGF repeats can tolerate mutations
at 16jC and 20jC culture temperatures.
A better understanding of SPE-9 gained here could yield
insights into other EGF motif-containing molecules. A
number of additional EGF motif-containing molecules have
been implicated in gamete interactions. In mammals, an
EGF repeat and discoidin-domain protein known as SED1 is
thought to possibly link opposing sperm and egg surfaces
through EGF repeat interactions (Ensslin and Shur, 2003).
Additionally, an ascidian egg surface molecule HrVC70 that
contains an array of 13 EGF repeats has been proposed to
interact with sperm EGF repeat-containing molecules
(Sawada et al., 2002). Sequence analysis and the domain
structure of SPE-9 suggest that it is most closely related to
components of the Notch/LIN-12/GLP-1 pathway. A double
mutant of lin-12(n676n930) is temperature-sensitive pre-
sumably because of the lesion in n930 (I. Greenwald,
personal communication). The n930 mutation changes cys-
teine 138 to threonine (Wen and Greenwald, 1999). This
mutation disrupts disulfide bridge formation much like our
EGF X1–10 and spe-9(hc88) mutations. As noted above,
Nts1 and spe-9(hc52) have similar glycine amino acid
substitutions. There are five more temperature-sensitive
alleles of Notch where the molecular nature of lesions is
unknown (Shellenbarger and Mohler, 1975; Siren and
Portin, 1989). It would be interesting to see if similar types
of amino acid substitutions as we have studied here will be
present in these mutants.
Temperature-sensitive alleles of any gene are very
useful tools for genetic manipulation, interaction screens,
and dissection of biological function. Genome sequencing
has revealed that EGF repeat-containing proteins are ex-
tremely common (Chervitz et al., 1998; Hutter et al.,
2000). Approaches similar to those reported here could
yield useful mutants of other important EGF repeat-con-
taining molecules.
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